Previous studies on CO2 reactivity in cerebral low flow infarcts (LFIs) included patients with lesions in the frontoparasagittal area, supraganglionic white matter, and temporoparieto-occipital zone. Supraganglionic white matter LFIs are, however, difficult to separate from non-low flow induced infarcts ofthe lacunar type, and temporoparieto-occipital LFIs from infarcts in the territory of the inferior stem of the middle cerebral artery. The CO2 reactivity of the middle cerebral artery was studied in 56 patients with high grade stenoses and occlusions of the internal carotid artery and LFIs (n = 9) in the frontoparasagittal border zone, territorial infarcts (n = 26), no infarcts (n = 21), and normal subjects (n = 25) by means of transcranial Doppler sonography. The aim was to investigate whether patients with LFIs have significantly lower CO2 reactivity than patients with territorial infarcts, no infarcts, and normal subjects. Patients with LFIs had the most severely reduced CO2 reactivity on the symptomatic side and CO2 reactivity was significantly lower than on the asymptomatic side. It was also lower than in patients with unilateral and bilateral internal carotid artery obstructions and territorial infarcts, asymptomatic patients, and healthy volunteers. It is concluded that LFIs are associated with significantly reduced CO2 reactivity. temporoparieto-occipital watershed areas, however, often cause diagnostic problems. The first may have the same size and site as lacunar and some large striatocapsular infarcts.89 The second are difficult to differentiate from an infarct in the perfusion territory of the inferior stem of the middle cerebral artery. In the presence of these diagnostic problems and taking into consideration that cerebral haemodynamics are by definition critically impaired in LFIs, it seems reasonable that haemodynamic indices could become part of the diagnostic criteria for LFIs. In previous studies"56 of the CO2 reactivity in patients with internal carotid artery occlusions, however, the LFIs were defined radiologically and included infarcts in the supraganglionic white matter and the posterior watershed zone.
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High grade stenoses and occlusions of the internal carotid artery may cause territorial and low flow infarcts (LFIs).1 Identification of patients with LFIs may have a major impact on their management, as they may benefit from extracranial-intracranial bypass surgery if the operation is able to improve the cerebral blood supply significantly.23
The diagnosis of LFIs and territorial infarcts is largely based on the location of the visualised infarct and on the concept of a symmetric and scarcely variable distribution of the major cerebral arteries.' 47 In fact, LFIs in the frontoparasagittal border zone between the perfusion territory of the anterior and middle cerebral arteries show specific neuroradiological features. 47 LFIs in the terminal supply area of the deep perforators in the supraganglionic periventricular white matter and in temporoparieto-occipital watershed areas, however, often cause diagnostic problems. The first may have the same size and site as lacunar and some large striatocapsular infarcts.89 The second are difficult to differentiate from an infarct in the perfusion territory of the inferior stem of the middle cerebral artery. In the presence of these diagnostic problems and taking into consideration that cerebral haemodynamics are by definition critically impaired in LFIs, it seems reasonable that haemodynamic indices could become part of the diagnostic criteria for LFIs. In previous studies"56 of the CO2 reactivity in patients with internal carotid artery occlusions, however, the LFIs were defined radiologically and included infarcts in the supraganglionic white matter and the posterior watershed zone.
LFIs are assumed to result from critically reduced cerebral perfusion pressure distal to a high grade obstructive lesion of the internal carotid artery in the setting of an incomplete circle of Willis.' 5 6 1 011 Reductions of cerebral perfusion pressure are counterbalanced by means of dilatation of the resistance vessels to maintain cerebral blood flow. The amount of vasodilatation can be studied by measuring the blood velocities in the middle cerebral artery with transcranial Doppler sonography before and after the application of carbon dioxide enriched air (CO2 reactivity).512 We studied CO2 reactivity of the middle cerebral artery by means of transcranial Doppler sonography in patients with high grade stenoses and occlusions of the internal carotid artery and LFIs in the frontoparasagittal border zone, territorial infarcts, no infarcts, and normal subjects. The aim was to find out whether patients with LFIs have significantly lower CO2 reactivity than patients in the other three groups.
Material and methods

PATIENTS AND NORMAL SUBJECTS
We studied 58 patients and 25 normal subjects of the Department of Neurology of the Heinrich-Heine University of Dusseldorf, Germany. To be eligible for the study, patients had to (a) be less than 80 and more than 18 years old; (b) have a symptomatic (transient ischaemic attack or transient monocular blindness persisting for less than 24 hours, prolonged reversible ischaemic neurological deficit persisting for more than one and less than seven days, retinal infarct, or completed (minor) non-disabling stroke) or asymptomatic, unilateral or bilateral high grade stenoses or occlusions of the internal carotid artery. Patients were excluded from the study if they had (a) continuing transient ischaemic attacks; (b) infarcts located subcortically and in the region of the temporoparieto-occipital border zone; (c) a (major) disabling stroke; (d) cerebral symptoms that could be attributed to non-atherosclerotic disease; (e) clinical signs and symptoms of dementia; (f) a cardiac disorder likely to be associated with cerebral symptoms and signs; (g) high grade stenoses or occlusions of the vertebral, basilar, and posterior cerebral arteries; (h) tandem stenoses or occlusions of the internal or middle cerebral artery distal to the obstructed internal carotid artery; (z) occlusions and stenoses of middle cerebral artery branches at angiography; (j) CT signs of nonatherosclerotic cerebral disease. Patients were subdivided according to the presence of unilateral or bilateral high grade stenoses and occlusions of the internal carotid artery. Each group was divided according to medical history, neurological, and cerebral CT findings into three subgroups: patients with LFIs in the frontoparasagittal border zone, territorial infarcts, and no infarcts. Normal subjects were members of the medical staff and patients of the Neurological Department of the Heinrich-Heine University of Dusseldorf, Germany. They had no cerebrovascular risk factors, no history of cerebrovascular disease, and were selected to give a group with about the same mean age and age range as the patients.
EXAMINATIONS
Measurements of CO, reactivity were performed within one and three months after the onset of the neurological deficit in symptomatic patients, and within a few days after extracranial and transcranial Doppler examinations in asymptomatic patients. Blood velocity in the middle cerebral artery was measured with a 2 MHz pulsed wave, range gated Doppler (TC 2000S, EME, Ueberlingen, Germany). A mask was placed on the patient's face while breathing room air. Through the temporal window the optimum strength and clarity of the middle cerebral artery signal at insonated depths of 50-55 mm was found and the monitoring probe ("Transcran" FP 2 monitoring probe, EME, Ueberlingen, Germany) was fixed. All patients were relaxed in a supine position with their eyes closed. Attention was paid to providing a calm environment. The end tidal CO, volume percentage (CO, vol%) was recorded by an infrared CO2 analyser. As soon as the blood velocity of the middle cerebral artery and end tidal CO2 vol% reached steady states, four continuous measurements of mean middle cerebral artery velocities were made ("seri-save" program with a sweep duration of 16fi5 seconds for each measurement). Then air with a 7% CO, concentration was given for three minutes until a steady state was again reached. Then four further continuous measurements of middle cerebral artery velocities with the same sweep duration were taken under hypercapnia. Finally, eight values of mean velocities were plotted against the corresponding end tidal CO, vol% concentrations and the slope was calculated by computer.
Extracranial and transcranial Doppler examinations were performed in all patients (within one week after the onset of the neurological deficit in symptomatic patients). The following arteries were insonated: innominate, common, internal, and external carotid, subclavian, and vertebral arteries by a 4 MHz continuous-wave Doppler (MDV Delalande D-480/K, Rauenberg, Germany), and the carotid and vertebral arteries also by colour coded duplex sonography (Acuson XP/10, Acuson GmbH, Erlangen, Germany). The ophthalmic artery, carotid siphon, distal internal carotid artery, middle, anterior, and posterior cerebral arteries, and the intracranial, vertebral, and basilar arteries were examined by a 2 MHz pulsed-wave, range-gated Doppler (TCD 2000S, EME, Ueberlingen, Germany). Doppler measurement of the degree of internal carotid artery obstruction was performed according to von Reutern's criteria. 16 Cerebral CT was carried out on all patients. Carotid angiography (intra-arterial subtraction angiography) was done in all patients with symptomatic high grade stenoses or occlusions of the internal carotid artery as suspected by Doppler examinations. High grade stenoses of the internal carotid artery were defined as narrowing of the luminal diameter of the internal carotid artery ranging from 80% to 99%. Angiographically, luminal diameters (on two views) at the point of greatest stenosis and at the normal part of the artery beyond the carotid bulb were measured. The percentage stenosis was determined by calculating the ratio of these two measurements, with use of the view showing the greatest degree of narrowing.
The degree of stenosis of the internal carotid artery was angiographically defined in all patients who had angiography and in the remainder by continuous wave Doppler sonography.
Results
Fifty eight patients and 25 normal controls fulfilled the entry criteria. Two female patients had to be excluded as no transcranial Doppler signals could be obtained through the temporal windows. Therefore 56 patients (13 women, 43 men; mean age 62 (range 48-76) years) and 25 normal controls (7 women, 18 men; mean age 61 (range 39-75) years) were studied. Table 1 summarises the sex, age, and cerebrovascular risk factors of all patients.
As delineated in table 2, the mean degree of unilateral and bilateral obstructions of the carotid arteries in patients with LFIs, territorial infarcts, and no infarcts did not differ significantly; it ranged from 88 to 97% in the different groups. 
n = 9), territorial infarcts (TI; n = 26), no infarcts (NI; n = 21), and normal controls (NO; n = 25) Single comparisons gave the following results: CO2 reactivity was most severely reduced on the symptomatic side in patients with LFI and was also significantly lower than on the asymptomatic side (p = 0 004). It was also lower than on the symptomatic side in patients with territorial infarcts (p < 0-001 in unilateral and bilateral internal carotid artery obstructions), than in patients with no infarcts (p < 0 001 in unilateral and bilateral internal carotid artery obstructions), and in normal subjects (p < 0-001). In patients with territorial infarcts and unilateral internal carotid artery obstruction CO2 reactivity was significantly lower on the symptomatic than on the asymptomatic side (p = 0-041) or the nonstenosed side in patients with no infarcts and in normal subjects (p < 0 001 each). The CO, reactivity showed no significant differences in patients with territorial infarcts and no infarcts on the stenosed side.
In patients with territorial infarcts and bilateral internal carotid artery obstructions CO, reactivity was significantly lower on the symptomatic side than in asymptomatic patients with bilateral internal carotid artery obstructions (p < 0 001), and non-significantly reduced compared with the opposite, asymptomatic side.
Discussion
In this study CO2 reactivity of the middle carotid artery was most severely reduced on the symptomatic side in patients with LFIs. This reduction was significant compared with the asymptomatic side in patients with LFIs (p < 0.01), with both sides in patients with unilateral and bilateral internal carotid artery obstructions and territorial infarcts (p < 0 001), with asymptomatic patients (p < 0 001), and with normal controls (p < 000 1).
In two previous studies on CO2 reactivity in patients with internal carotid artery occlusions, CO2 reactivity was also significantly more reduced in LFIs than in territorial infarcts.56 The LFIs were defined morphologically, however, by means of CT and MRI, and included lesions in the supraganglionic white matter and temporoparieto-occipital watershed area.5 6 LFIs may occur in the frontoparasagittal (anterior) and temporoparieto-occipital (posterior) watershed zones, or in the terminal supply area of the deep perforators in the supraganglionic white matter.'47 In concordance with other authors' 7 we assume that high grade stenoses and occlusions of the internal carotid artery with LFIs in the anterior watershed area have a typical anatomical location that can be delineated by cerebral CT and MRI. This is underlined by the anatomical distribution of the cerebral perfusion territories that make the occurrence of territorial infarcts with a frontoparasagittal distribution very unlikely. Moreover, studies by Meyer'3 and others'1'6 found no border zone infarcts between the middle cerebral artery and the other major territories extending to the interhemispheric fissure and no middle carotid artery territory reaching the interhemispheric fissure. Also, PET studies in patients with 80%-95% internal carotid artery stenoses and amaurosis fugax, transient ischaemic attacks and capsular infarcts have shown decreased cerebral blood flow in the anterior border zone ipsilateral to the carotid stenosis."1 Size and location of small and sometimes large supraganglionic white matter infarcts caused by low flow and arteriosclerosis, intracranial branch atheromatous disease, and embolism may, however, be similar.89
Posterior watershed infarcts are difficult to differentiate from infarcts in the territory of the inferior stem of the middle cerebral artery. "True" posterior watershed infarcts are located by definition in the demarcation zone formed by the anterior, middle, and posterior cerebral arteries and result from a lowered perfusion pressure affecting all three vascular territories. LFIs in high grade stenosis and occlusion of the internal carotid artery must have another location, however, as anatomical studies have shown a dominant basilar origin of the posterior cerebral artery in 70%-90%." Therefore in high grade stenoses and occlusions of the internal carotid artery most of the "posterior watershed infarcts" must be located in the terminal supply zone ("letzte Wiese") of the middle cerebral artery and anterior cerebral artery, and not in the posterior watershed zone between the anterior cerebral artery, middle cerebral, and posterior cerebral arteries. An additional dislocation of the demarcation zone between posterior cerebral artery and anterior cerebral/middle carotid arteries probably results from a higher perfusion pressure in the posterior cerebral artery and from the development of collaterals in the circle of Willis. Moreover the distribution of supraganglionic white matter and posterior LFIs is changed by considerable between-and within-individual variability in the territorial distribution, and changes in time of the individual territorial pattern as a result of altering haemodynamics.'8 Therefore we assume that the accurate diagnosis of LFIs in high grade stenoses and occlusions of the internal carotid artery that is not located in the anterior border zone is very difficult by means of neuroradiology alone.
In conclusion LFIs are associated with significantly reduced CO2 reactivity and should not be diagnosed without proving impaired cerebral haemodynamics. The problem of the diagnosis of posterior and supraganglionic white matter LFIs is not resolved, however, with the demonstration of severely reduced CO2 reactivity. Several studies have shown that an impaired CO, reactivity also occurs in patients with territorial infarcts and internal carotid artery occlusions.56 Therefore in patients with neuroradiological suspicion of these two types of LFIs and significantly reduced CO, reactivity, the diagnosis of a presumed but not definite LFI can be made. On the other hand normal CO, reactivity makes an LFI unlikely. Retrospective and prospective studies have shown that patients with severely impaired CO, reactivity have significantly more ipsilateral transient ischaemic attacks and strokes than patients with slight impairment.'5 1219 A prospective study comparing patients with strongly impaired vasomotor reactivity with and without LFI will help to find out if the concept of LFI is of practical relevance in the management of stroke patients with occlusions of the internal carotid artery.
